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APOLLOMISSIONF SPACECRAFTREFERENCETRAJECTORY

VOLUMEI - REFERENCETRAJECTORYPROFILE

(LAUNCHEDAUGUST14, 1969)

By Lunar Mission Analysis Branch and
Orbital Mission Analysis Branch

i. 0 SUMMARY

This volmme, Volume I, incombination with VolumesI and II of the
Mission G reference trajectory and Volume II of the Mission F reference
trajectory, is a detailed reference mission profile for one typical
lunar orbit mission launched on August 14, 1969. The launch azimuth is
726 and translunar injection occurs over the Atlantic Oceanduring the
second revolution of the earth parking orbit. _

The mission phases from launch through descent orbit insertion in
lunar orbit are essentially the sameas those in the Mission Greference
trajectory and, therefore, are not described in this document. The
primary emphasis of this documentis on the lunar orbit operations which
include a I/N-active rendezvous and a CSM-active rendezvous, since these
are the phases which differ most significantly from Mission G. The
lunar orbit operations are related to the samelunar site, II-P-2, as
the Mission G reference trajectory (VolumesI and II).

Since there is no lunar orbit plane-change maneuverby the CSM
while separated from the LM, as there is for Mission G, the transearth
injection and transearth coast phases differ slightly from Mission G.
For this reason data are shownfor these phases for theAugust 14, 1969,
72° launch azimuth mission, and for the other launch days and launch
azimuths being considered for the third quarter of 1969.

This reference trajectory satisfies all of the mission-related
_ _dectives for .........
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2.0 INTRODUCTION

This volume presents the Mission F profile for the first launch
opportunity, 72° launch azimuth, first injection opportunity on
August 14, 1969, and transearth phase scan data for the other launch
opportunities being considered for the third quarter of 1969.

Since Mission F differs from Mission G only in the lunar orbit
operations and transearth injection, the tables and figures of this
volume present data only for these mission phases. A complete tra-
jectory listing is presented in Volume II on the Apollo Mission F
reference trajectory (ref. i).

The ground rules and guidelines used in the design of the reference
trajectory are defined in reference 2. The spacecraft weight configura-
tion and vehicle performance data are the sameas used in the Gmission
reference trajectory (refs. 3 and 4) with the exception that, for the
LMmaneuvers, the LMascent propellant tanks are half loaded.

3.0 DATAUSEDIN THEGENERATIONOFTHE
F MISSIONREFERENCETRAJECTORY

The primary input used in the computation of the Mission F reference
trajectories can be obtained from the following sources:

Input Reference no.

Mission objectives ........... 5
Mission constraints and ground rules. 6, 7
Nominal LPOtimeline .......... 8
RCSand consumablesbudget ....... 9
Vehicle characteristics:

CSMweights ............. i0
CSMperformance properties ...... ii
LMweights .............. i0
LMperformance properties ...... 12

Groundsupport facility positions
and capabilities ........... 13, 14

Lunar landing site positions ...... 15, 16
Standards and constants ........ 17
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4.0 REFERENCEMISSIONPROFILEDESCRIPTION

This section provides a brief summaryof each phase of the reference
mission from LM-active rendezvous through transearth coast. The other
mission phases are identical to those found in the Mission G reference
trajectory (refs. 3 and 4).

4.1 LM-active Rendezvous

Since several significant changeshave been madeto this phase since
this volume was generated, the data in this document should be considered
as only roughly representative of the most recent profile. See reference
18 for a description of these recent changes.

Figures i through 7 present a description of the (manned)LM-active
phase of Mission F. In brief, the phase occurs in lunar orbit and
consists of a nominal Hohmanndescent sequence and a nominal in-orbit
ascent-to-rendezvous sequsnce_the two sequences separated by a phasing
period.

Q

One of the primary objectives of Mission F is to demonstrate all

phases of Mission G except those directly involving the LM powered

descent and powered ascent. Relative to the LM-active phase, this

objective is accomplished by incorporating between the Hohmann descent

and the in-orbit ascent approximately one revolution, du_-ing which the

required adjustment in CSM lead angle is made. This phase angle adjust-

ment is at least approximately 22.5 ° , since the CSM trails the LM at the

end of Hohmann descent by approximately 7° and must lead the LM at

nominal LM insertion by approximately 15.5 °.

As in Mission G, the LM-active phase begins with the CSM/LM docked

configuration in a 60-n. mi. circular lunar orbit. The LM activities

(including LM/CSM separation) prior to the Hohmann descent are performed

as in Mission G. The descent orbit insertion (DOI) is performed by a

descent propulsion system (DPS) burn (71.6 fps, horizontal, retrograde)

195 ° prior co the landing site so that the resulting pericynthion

(50 000-ft altitude) occurs 15 ° prior to the landing site, the position

at _hich the powered descer_ is initiate_ in Mi_o_ C. For Mi_ion F,

however, a second LM maneuver is performed approximately 7.2 minutes

(23.5 ° ) past pericynthion, or approximately 2.5 minutes (8.5 ° ) past the

landing site. This second LM maneuver is a DPS burn of 172.4 fps

(horizontal, posigrade) designed to establish at the resulting LM pericyn-

thion a CSM lead angle equivalent to that which occurs at nominal

powered ascent cutoff in Mission G. This second maneuver is referred to
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in this document as phasing. Since phasing is performed approximately

23.5 ° past the original pericynthion, the resulting pericynthion occurs

about 16 ° past the original pericynthion (or approximately 1 ° past the

landing site). The apocynthion altitude of the phasing orbit is

195.2 n. mi., which affords the required CSM catch-up time between

phasing and the resulting pericynthion. The CSM lead angle is approxi-

mately -9 ° at phasing and 15.5 ° at the resulting pericynthion. The

resulting pericynthion altitude is approximately 60 000 ft, which is

the nominal altitude at powered ascent cutoff for Mission G. Just prior

to this resulting pericynthion, the LM descent stage is Jettisoned. Then

at pericynthion an ascent propulsion system (APS) maneuver of 207.6 fps

(horizontal, retrograde) is performed to establish the equivalent of the

standard LM insertion orbit (30- by 9.9-n. mi.) of Mission G. This

maneuver is referred to as insertion. At completion of insertion, the

conditions are equivalent to those at powered ascent cutoff for

Mission G, except that the LM ascent stage is considerably heavier since

only a relatively small amount of APS propellant has been utilized.

Following insertion, the nominal LM in-orbit ascent profile

(essentially the same as presented for Mission G) is followed. Table I

presents information for each of the maneuvers during the LM-active

phase.

In table I, the At's in column 2 are the elapsed times between the

impulsive times of the burns. An ullage oi" approximately 2 fps from

the pressurized RCS is required for each of the listed LM maneuvers

(column 3) which utilizes a propulsion system other than the Dressurized

RCS. (The pressurized RCS utilizes propellant from the pressurized RCS

tanks.) The notation "DPS (FT)" indicates that the DPS _oes to full thrust

after 26 seconds at i0 percent thrust. The notation "RCS (intc.)" indi-

cates RCS thrusting utilizing APS propellant through the interconnect.

The AV (column 4) for TPF is the theoretical value for the impulsive veloc-

ity match, and the other values (burn duration and At's) relative to the

terminal phase finalization are based on a theoretical impulsive TPF.

The burn durations in column 5 for the DPS and APS burns are the burn

durations for the main propulsion system; i.e., the RCS ullage times are

not included. However, for the RCS (intc.) burns the ullage times are

included in the listed burn durations. The burn durations are based on

a LM loading at earth launch equivalent to that for Mission G (total

LM = 33 053 ib, LM ascent stage = i0 729 ib). The burn attitude

(column 6) is measured counterclockwise from the local horizontal in the

direction of motion to the direction of the impulsive AV vector. Where

the RCS is not the main propulsion system, the indicated RCS thruster

usage (column 7) refers to ullage.

Additional profile information is presented in the figures. It

is noted that the segments of the curves from insertion to TPF are

essentially the same (except for time reference) as the insertion-to-TPF

curves in reference 3.
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Figure i is a relative motion profile (curvilinear, CSM-centered)

from DOI to TPF. The darkness periods (for CSM) and 10-minute time
ticks relative to D01 are indicated.

Figures 2 through 7 present time histories of various relative

parameters time-referenced from DOI. In each of the figures, the
maneuvers and darkness periods are indicated.

Figures 2 and 3 are time histories of the LM-to-CSM elevation angle

and the CSM-to-LM elevation angle, respectively. Figure 4 provides the

same information for the CSM-LM-sun angle. Elevation angle is defined

as the angle (measured counterclockwise) from a vehicle's local hori-

zontal in the direction of motion to its line of sight to the applicable
object (the other vehicle or the sun).

Time histories of vehicle-to-vehicle range, range rate, and central

phase angle (CSM lead angle) are shown in figures 5, 6, and 7, respec-

tively. From figure 5 it can be seen that throughout the total profile
the range (between the CSM and LM) does not exceed the rendezvous radar
limit of 400 n. mi.

A i0 ° sun elevation angle at the time of the first (separated-LM)

pass over the landing site was assumed for the mission profile. This
sun elevation is the mid-point value of the current limits on sun ele-

vation at landing for Mission G (3° to 17°). Although a i0 ° sun ele-

vation at landing was also assumed for the Mission G profile, TPI is

performed 5 minutes prior to darkness for Mission F so that the At from

insertion to TPI is 12 minutes longer than the corresponding At for
Mission G.

All of the LM maneuvers prior to the rendezvous terminal phase are
nominally horizontal burns. In addition to the economical factor

(which applies for all the horizontal maneuvers), the horizontal thrusting

is incorporated for phasing, insertion, and CSI due to safe-pericynthion
considerations.

A major consideration in designing the At from DOI to phasing was

to incorporate a value which would result in approximately a 60 O00-ft

pericynthion altitude for insertion. For example, if phasing were to

occur approximately 3 minutes later than the time specified, the

........ _ __±u_ _mo±o_a_ wo_ma oe approximately 2 n. mi. above

the desired value. In addition to yielding the 60 000-ft pericynthion

altitude, the incorporated DOl-to-phasing At affords a free-flight look

at the landing site area prior to phasing.
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4.2 CSM-active Rendezvous Phase,

There have been several significant profile changes for the CSM-active

rendezvous phase since the data for this volume were generated. For the

most recent profile see reference 19.

The presented rendezvous profile is essentially applicable for any

simulated landing site or for any translunar time, or both. Since the

ground elapsed time (g.e.t.) for initiation of the profile would vary

for the different landin_ sites or different translunar times, or both,

the profile's maneuvers are referenced to ground elapsed time only for

a specific trajectory. The phasing maneuver (the initial separation

maneuver following the undocking) occurs about 13 hours after docking

at completion of the LM-active rendezvous. The time references shown

for each maneuver in table II are the At from the phasing maneuver and

the At from the previous maneuver.

Prior to the CSM-active rendezvous the docked configuration

(CSM/LM ascent stage) is in the nominal 60-n. mi. circular orbit. The

profile begins after the crew has set the LM in the selected attitude

mode, unmanned the LM, and undocked. The selected attitude mode has

not yet been determined.

The NCC/NSR sequence was selected instead of the CSI/CDH sequence

for two related reasons. The phasing and coelliptic maneuvers necessarily

have to be ground-computed for either sequence since there is no onboard

(CMC) solution capability; however, the NCC/NSR sequence requires only

two maneuvers (NCC and NSR) prior to terminal phase, whereas the

CSI/CDH sequence would require three maneuvers prior to terminal phase,

since CSI could not be used as the separation maneuver.

The phasing maneuver (NCC) is targeted to establish 90 minutes later

an offset [ h = i0 n. mi. (CSM above) and Ae (LM central lead

angle = -2.89 °] at which the coelliptic maneuver (NSR) is to occur. The

phasing maneuver is a near-radial-down SPS burn of 71.2 fps and 4.0 -seconds

burn duration. As a result of the total selection of parameters,:

this maneuver occurs about 54° east of the landing site. The perigee

altitude of the orbit between the phasing and coelliptic maneuvers is

42 n. mi. The profile's maximum relative range of about 67 n. mi. also

occurs during this phase. The coelliptic maneuver is an SPS burn of

36.1 fps and 2.0-seconds burn duration; the AV-vector is about 15 °

below the positive horizontal; and the maneuver occurs about 27° east of

the landing site. The At between the coelliptic maneuver and TPI is

approximately 38 minutes. TPI is a near-line-of-sight-thrusting SM RCS

burn of 15.6 fps and 43.4-seconds burn duration. The TPI elevation

angle utilized is 206.6 ° (or -26.6o). TPI occurs approximately at the

mid-point of darkness about 2° east of the landing site. A 130 °

terminal phasing is incorporated, and the CSM approaches from above.

The theoretical values for TPF are 23.7 fps and 66.9-seconds burn

duration.
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The extent of the final braking depends on the real-time situation

(that is, SM RCS and LM electrical power margins). Should the CSM

close to station-keeping conditions, the station keeping would probably

be terminated by a small separation maneuver to avoid recontact prob-
lems orior to TEI.

The total At between the phasing maneuver and the end of braking is

slightly more than 3 hours. The RCS propellant usage is approximately that

which would be reauired in any actual rescue Situation. The SPS propel-

lant usage is slightly less than that required for the normal four-impulse

rescue sequence, but is substantially less than that required if

five-impulse and six-impulse rescue sequences were used.

Table II is a sequence of maneuvers for the CSM-active rendezvous

phase and includes various pertinent data associated with each maneuver.
The At's in the second and third columns are from maneuver initiation

to maneuver initiation. The RCS thruster usage refers to ullage when

the SPS is the main propulsion system. The SPS burn durations do not

include ullage. The burn attitude is the direction of thrust at burn

initiation; it is measured (starting upward) from the direction-of-motion

local horizontal to the direction of thrust. All values relative to

TPF are based on a theoretical (impulsive) TPF.

Presented in figure 8 is the relative motion profile (curvilinear,

LM-centered). The darkness periods (for the LM) and 10-minute time ticks

(relative to the phasing maneuver) are indicated.

Figures 9 through 14 present time histories of various relative

parameters, time referenced from the phasing maneuver (NCC). For each

of the figures, the occurrence of the maneuvers and the designated

darkness periods are shown.

Figures 9 and l0 are time histories of LM-to-CSM and CSM-to-LM

elevation angles, and figure ll is a time history of the LM-CSM-sun

angle. CSM-to-LMvisibility problems exist if the vehicles are in day-

light and the CSM-to-LM elevation angle is within approximately 15 ° of

the CSM-to-sun elevation angle. Visibility problems also exist when the

CSM-to-LM elevation angle is between approximately 200 ° and 340 °

(i.e., a lunar surface background exists) and the lunar surface is lit

by the sun, or, in some cases, by earth-reflected light. The LM

approximately 35 ° of the I_-to-CSM elevation angle.

Elevation angle is defined as the angle (measured counterclockwise)

from a vehicle's local horizontal in the direction of motion to its line

of sight to the applicable object (the other vehicle or the sun).
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Time histories of vehicle-to-vehicle range, range rate, and central

phase angle (LM lead angle) are shown in figures 12, 1B, and 14, respec-

tively.

4.3 Transearth Phase

Since there is no CSM lunar orbit plane change in Mission F as

there is in Mission G, the transearth injection and coast phase is

slightly different than in the Mission G reference trajectory.

Tables III and IV show the radar and shadow timelines from CSM-LM

final docking following the CSM-active rendezvous through transearth

coast.

Figure 15 shows the time history of significant parameters during

the transearth injection maneuver for the August 14, 1969, 72 ° launch

azimuth, first opportunity mission. These data were generated with a

precision integrated powered-flight simulation.

Figures 16 through 27 show scans of selected TEI and transearth

coast trajectory parameters for the other launch opportunities being

considered for the third quarter of 1969. These data were generated

using patch-conic computer programs. The 1969 launch dates included in

the scans were July 15, 16, 18, 22; August 14, 15, 17, 21; and September 13,

14, 16, 19. These dates are identical to the Mission G launch dates con-

sidered and result from targeting the F mission to the same lunar sites

as the G mission.

5.0 REFERENCE TRAJECTORY EVALUATION

All of the comments in the reference trajectory evaluation section

of the Mission G reference trajectory, Volume I (ref. 3) apply also

to the Mission F reference trajectory. It should be pointed out again

that this reference trajectory does not reflect the recent changes to

the LM-active and CSM-active rendezvous phases as documented in

references 18 and 19. Therefore, the profiles described should be con-

sidered as only roughly representative of the most recent mission

planning.
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TABLE IV.- MISSION SHADOW TIMELINE

Lighting 4 g.e.t, of entrance,
hr:min:sec

(a) Docking to TEl initiation

Sunlight

Lunar penumbra

Lunar umbra

:Lunar penumbra

Sunlight

Lunar penumbra
Lunar umbra

Sunlight

Lunar penumbra
Lunar umbra

Lunar penumbra

Sunlight

121:08:01

121:10:47

]21:10:]_1

121:56:18

121:56:27

123:08:29

123:08:44

123:54:57

125:o7:o6
1125:07:09

125:53:27
125:53:29

(b) Transearth phase a

[TEl initiation- 125h58moI.6 s g.e.t.,

TEl cutoff - 126ho0m16.6 s g.e.t.]

Earth penumbra 206 :16:54

Earth umbra 206:17:07

aEntry interface occurs at 206h40m28.8 s g.e.t.
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